Introduction
Occlusal function of patients with fully edentulous jaw bone can effectively recovered by implant treatment, where artificial prostheses are attached to the upper parts of osseointegrated implants [1, 2] . Although technique of implant has been advancing and the safety and durability of implant has been improving, some biomechanical problems such as fracture of implant and bone absorption around implant still exist and have been one of the most important problems needed to be solved in dental science. For fully edentulous jaw bone, optimization of implant treatment including determination of the number, length, position and angle of implant is performed by dentists without enough biomechanical consideration, therefore, success of implant treatment for a patient strongly depends on the ability and experience of the dentist in charge. If the biomechanical conditions of jaw bone after implant treatment are understood prior to the treatment, such information is greatly helpful for dentists to conduct the treatment successfully and result in reduction of clinical problems.
In this study, a three-dimensional finite element model of an edentulous maxilla was developed by using CT images of an old patient. Distribution of Young's modulus was considered by using a theoretical relationship between bone density and Young's modulus. 3, 4 and 6 implants were embedded in the maxilla independently and a prosthesis was attached to the upper parts of the implants. Computational analysis of the maxilla model was performed in order to characterize effects of the number of embedded implants on the stress state of maxilla under two different loading conditions.
Finite Element Models and Analysis
A series of X-ray CT images of 84 years old male was used to construct his computational maxillary model. The total number of the images was 80, and the slice distance was 0.5 mm. Mechanical Finder, software for finite element modeling and analysis of bone structure, was used in this study. 4 nodes tetrahedra elements were used to construct a finite element model of the maxilla and the total numbers of elements and nodes were 134,223 and 630,675, respectively. The 3-D computational model and the finite element model of the maxilla were shown in Fig.1 .
The bone density distribution of the maxilla model was estimated from the corresponding CT value on the basis of the Keyak's method [1] . The Young's modulus of each of the elements was then calculated from the corresponding bone density. The distirbuttion of Young's modulus is shown in Fig.2 . Implants and prosthesis models were introduced into the edentulous maxillary model. Three different models with 3, 4 and 6 implants are constructed as shown in Fig.3 . The diameter of all implants was chosen to be 3.75mm. The prosthesis was adopted so that the shape was fit to the maxillary model. The material of the implant and prosthesis was assumed to be pure titanium. Therefore, the Young's modulus and Poisson's ratio were set to 106 GPa and 0.19, respectively.
Mechanical boundary conditions are shown in Fig.3 . As shown in the left-hand side figure, the top of the maxilla was totally fixed. As a vertical loading condition, the distributed load of 200N was applied to the surface of the prosthesis in the +Z-direction as shown in the middle figure. As a horizontal loading condition, the distribution load of 50N was applied to the frontal surface of the prosthesis in the +X-direction as shown in the right-hand side figure. 
Results and Discussion
Distribution patterns of strain energy density in the cross-sectional areas at the implants in the vertical loading conditon is shown in Fig.5 . It is obviously seen that the strain energy density is mainly concentrated around the embeded implants. Distribution around the right molar implant ① is more extensive and higher than that around the other implants. This is though to be due to un-symmetric structure of the maxilla shown in Fig.1 . This kind of high energy concentration may be related to bone damage and absorption around the implant.
For the two loading cases, maximum values of strain energy density in the vicinity of implants are shown in Fig.6 . The standard line was set from the maximum value in the 4-implant model that was actually employed in the clinical treatment. The right-side molar implant ① exhibits the highest strain energy density in the all cases. Reduction of implant number obviously corresponds to increase of the maximum strain energy density, indicating increase of dangerousness of bone damage and absorption. It should be noted that the horizontal loading consition resulted in much severer energy concentration. This suggests that this kind of computational analysis needs to be conducted under different types of realistic loading conditions in order to support actual crinical treatment. This analysis definitely exhibited reliable safety of implant treatment with 6 implants for edentulous maxilla. However, it is also noted that in an actual implant treatment, implant number may unwillingly be reduced due to the structural weakness of the maxilla and the economical problem of the patient. Therefore, risk assessment must be conducted with minimized implants for each of patients. 
Conclusions
Finite element models of an edentulous maxilla with dental implants and prosthesis were developed by using CT images. Distribution of Young's modulus was evaluated from bone density distribtuion. The following results are obtained: (1) Strain energy density was severely concentrated especially around the right-molar implant, suggesting bone damage and absorption in this region. (2) Increase of implant number clearly corresponds to decrease of maximum strain energy density, indicating improved safety with 6 implants. (3) Localized horizaontal loading condition resulted in much severer energy concentration than vertical loading condition.
